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FOREWORD 


This  report  contains  the  findings  of  a researcn  program  entitled 
"Exploratory  Study  of  the  Dynamic  Fracture  Ductility  of  TRIP  and  300M 
Steels"  under  contract  number  DAAG46-77-C-0019  with  Dr.  M.  Azrin  of  Army 
Materials  and  Mechanics  Research  Center  serving  as  Contracting  Officer. 

The  study  was  conducted  in  Syracuse  University's  Department  of  Cnemical 
Engineering  and  Materials  Science  under  the  direction  of  Dr.  Volker  Weiss, 
Professor  of  Materials  Science. 


EXPLORATORY  STUDY  OF  THE  DYNAMIC  FRACTURE 
DUCTILITY  OF  TRIP  AND  300M  STEELS 


ABSTRACT 

The  bulge  characteristics  of  300K  steel  and  TRIP  steel  were  studied  at 
various  strain  rates  and  stress  states.  The  300M  steel  was  heat-treated  to 
two  conditions;  i sothermal ly  transformed,  and  normalized.  The  TRIP  steel 
was  processed  to  four  conditions  by  means  of  various  amounts  of  warm,  work- 
ina.  The  inherent  directionality  of  TRIP  steel  required  the  development 
of  a biaxial  test  for  various  strain  rates  other  than  the  equibiaxial  bulge 
test  where  the  stress  ratio, a = o^/c,,  is  not  equal  to  1.  Two  testing 
methods  were  developed:  1)  a bulge  t4st  through  an  elliptical  die,  which 
gives  a stress  state  of  a = 0.9,  and  2)  a plane  strain  tensile  test,  which 

gives  a stress  state  of  a = 1/2. 

The  basic  mechanical  properties  of  the  materials  are  given  through 
their  true  stress-true  strain  curves.  The  equibiaxial  bulge  tests  at  three 
strain  rates  (e  =10"4  sec-*,  10"!  sec-*,  103  sec**)  on  the  isothermally  trans- 
formed 30DM  steel  show  that  the  fracture  ductility  increases  with  increasing 
strain  rate.  On  the  basis  of  the  reported  correlation  between  a true  ef- 
fective fracture  strain  from  a bulge  test  and  the  plane  strain  fracture  tough- 
ness, a similar  increase  in  fracture  toughness  with  increasing  strain  rate  is 

expected.  At  low  strain  rate  the  fracture  ductility  of  TRIP  steel  is  a func- 
tion of  the  stress  state  at  fracture  and  of  the  amount  of  warm-work  during 
TRIP  processing.  The  minimum  value  of  the  fracture  ductility  of  TRIP  steel 
at  low  strain  rates  is  observed  for  a stress  state  a * 1,  which  is  in  agree- 
ment with  previous  results  on  high  strength  steel  and  the  critical  mean  stress 
fracture  criterion  proposed  by  Weiss.  For  the  two  high  strength  TRIP  steels 
(79*  warm-work  and  30*  warm-work),  the  plane  strain  fracture  ductility  de- 
creases with  increasing  strain  rate.  A similar  decrease  of  the  plane  strain 
fracture  toughness  with  increasing  strain  rate  is  expected.  Adiabatic  heating 
and  consequent  repression  of  the  martensite  formation  is  suggested  as  the 
principal  responsible  mechanism. 
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I.  INTRODUCTION 


Hlgn  stress  transformation  plasticity  offers  a means  of  increasing  the 
strength  as  well  as  the  ductility  and  toughness  of  steels  ( \ , 2.)  The  addit- 
ional energy  absorption  associated  with  the  martensitic  transformation  dur- 
ing deformation  is  responsible  for  the  enhanced  fracture  toughness  Prior 

studies  at  Syracuse  University  (4-v5-)  have  shown  that  the  martensite  content  at 
fracture  is  a function  of  the  test  temperature  and  that  the  notch  toughness 
is  strongly  temperature  dependent.  Gold  and  Koppenaal(S)  have  reported  tnat 
TRIP  steel  exhibited  embrittlement  at  a specific  strain  rate  and  testing  tem- 
perature. Tne  studies  by  Azrin  et  a 1.  (-?■},  Weiss  et  al.  and  Zackay  et  al . 
have  snown  that  an  optimum  combination  of  strength,  toughness  and  fatigue 
crack  growth  resistance  required  careful  control  of  austenite  metastability 
witn  respect  to  tne  service  condition.  For  example,  a TRIP  steel  tnat  ex- 
hibits high  strengtn  and  toughness  under  relatively  low  strain  rates  at  room 
temperature  may  Suffer  a significant  loss  of  uniform  ductility  at  very  nign 
strain  rates.  Also  the  same  TRIP  steel  may  be  inferior  in  fatigue  crack 
propagation  resistance  to  an  ultra  high  strength  material.  _ 

The  studies  conducted  to  date  indicate  that  TRIP  steell"  may  be  ''tailor- 
made"  to  possess  a unique  combination  of  properties  tnat  may  make  them  ideal- 
ly suited  for  special  critical  applications.  Since  their  mechanical  proper- 
ties strongly  depend  on  tne  inter-relation  between  deformation  and  the  mar- 
tensitic transformation,  a detailed  understanding  of  these  phenomena  is 
requi red. 


The  fracture  toughness  as  a function  of  stress  state  (plane  stress  - 
plane  strain)  and  strain  rate  is  of  particular  interest.  To  determine  these 
properties  with  the  recommended  procedures,  e.g.  ASTM  E 399,  is  usually  time 
consuming  and  expensive.  The  difficulty  in  producing  TRIP  steels  of  sufficient 
thickness  and  tne  well  known  difficulties  in  machining  TRIP  steels  lend  fur- 
ther impetus  to  explore  other  avenues  of  assessing  the  fracture  toughness  of 
TRIP  steels. 


It  was  therefore  decided  to  obtain  information  about  the  fracture  tough- 
ness as  a function  of  strain  rft?  indfrectly  from  bulge  tests  at  various  strain 
rates,  including  strain  rates  corresponding  to  explosive  loading.  The  feasi- 
bility of  this  approach  has  ^een  demonstrated  tnrough  a series  of  research  pro- 
grams at  Syracuse  Uni versi tyv8,9) . Accordingly  the  fracture  toughness  is  re- 
lated to  the  true  effective  fracture  strain  as  measured  in  an  equibiaxial  bulge 
test,  a ■ °2/fai  ■ 6 “ o3/oj  = 0,  , a « 1 1 6 « 0,  througn 


KIC  " 147  EF,  a * 1 , 6 = 0 KSI  »TiT 


162  CF,  a - 1 , 6 - 0 m 1,1 
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While  there  exists  some  scatter  in  the  data  tnat  led  to  the  above  relation- 
ship characterized  by  a relative  standard  deviation  of  33  percent  (3)  , the 
expected  scatter  with  respect  to  the  relative  influence  of  strain  rate  from 
one  heat  and  process  lot  of  the  TRIP  steel  studied  is  expected  to  be  mucn 
smaller,  so  that  an  e.g.  10  percent  variation  in  bulge  ductility  for  a change 
in  strain  rate  by  e.g.  3 orders  of  magnitude  will  closely  reflect  an  identi- 
cal change  in  fracture  toughness(8,9) . It  snould  be  further  pointed  out  tnat 
a method  for  estimating  fracture  toughness  values  for  other  tnan  plane  strain 
conditions  (i.e.  specimen  thickness  effects  and  "R  Curves")  from  bulge  duc- 
tility values  (10)  has  also  been  proposed  and  appears  to  be  in  agreement  with 
R Curves  determined  from  standard  techniques  (9). 

Early  in  tne  testing  program  of  the  TRIP  steel  the  very  strong  direc- 
tional dependence  of  the  fracture  ductility  was  observed  as  illustrated  by 
tne  results  of  tne  tensile  tests  in  the  longitudinal  and  the  transverse  direc- 
tion on  79%  warm-work  TRIP  steel.  While  the  true  tensile  fracture  strain  in 
the  longitudinal  direction  is  0.70,  the  transverse  fracture  strain  is  only 
0.34.  It  was  therefore  necessary  to  develop  a biaxial  test  tnat  allows  tne 
selection  of  a testing  direction,  which  can  also  be  performed  at  a wide  range 
of  strain  rates.  Tne  stress  state  requirement  for  such  a test  is  o..  > o, 
and  c^/ojiO.S  to  insure  that  fracture  occurs  in  the  longitudinal  direction. 

Two  configurations  readily  meet  this  objective,  a bulge  test  tnrougn  an  el- 
liptical opening  and  a plane  strain  tensile  test  (11)-  Both  types  of  tests 
were  developed  and  conducted  as  part  of  the  program  and  are  described  in 
Section  III,  Test  Procedures. 


II.  MATERIALS 

Prior  to  the  availability  of  a specially  prepared  TRIP  steel  by  AftiRC 
(Army  Materials  and  Mechanics  Research  Center),  tests  were  conducted  on  plates 
of  TRIP  steel  available  from  an  earlier  program.  The  chemical  compositions 
of  all  materials  tested,  TRIP  steel  plate,  sheets  of  TRIP  steel  and  300M 
steel,  are  listed  in  Table  1.  From  the  prior  program  the  TRIP  steel  plate  (4) 
was  induction-melted  under  a blanket  of  Argon.  The  203  mm  X 203  mm  X 432  mm 
(8"  X 8"  X 17")  cast  ingot  was  heated  to  1177°C  (2150°F);  soaked  for  2 nours 
and  hammer  forged  to  70  mm  (2-3/4")  thick  X 152  mm  (6")  wide.  The  70  mm 
(2-3/4")  thick  plate  material  was  hot  rolled  at  1 1 77°C  (2150°F)  to  38  mn  (1-1/2" 
thick.  The  material  was  austenitized  at  1205°C  (2200°F)  for  1 hour  and  ice 
brine  quenched.  The  plate  was  warm  worked  80S.  at  425°C  (800°F),  then  it  was 
cold  worked  5X.  The  finished  plate  was  tempered  at  350°C  (660°F)  for  1 nour. 

The  major  portion  of  this  study  was  conducted  on  TRIP  steel  and  300M 
steel  supplied  by  AMMRC.  Approximately  25  Kg  (58  lbs.)  300M  steel,  203  ron  X 
305  nm  X 50  nm  (8"  X 12"  X 2");  and  approximately  62.5  Kg  (138  lbs.)  TRIP  steel 
in  the  as-cast  condition,  203  nm  X 203  nm  X 216  mm  (8"  X 8"  X 8-1/2"),  were  re- 
ceived. The  300M  steel  and  the  TRIP  steel  were  made  by  the  Electro-Slag  Re- 
melting (ESR)  method  at  AMMRC. 
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Tne  300M  steel  was  hot  rolled  by  the  Allegheny  Ludlum  Steel  Corporation 
to  3.2  nr.  (0.125")  thick  and  approximately  381  mm  (15")  wide.  The  300M  steel 
was  heat-treated  to  two  conditions: 

(1)  Austenitizing  at  9 00°C  for  30  minutes  followed  by  continuous 
cooling  to  room  temperature  in  air  at  a cooling  rate  equal  to 
that  adiieved  at  the  midpoint  of  a one -inch  thick  plate  during 
cooling  in  still  air.  To  achieve  this  the  3 mm  (0.125")  300M 
steel  was  sandwiched  between  two  13  mm  thick  hot  rolled  steel 
plates,  as  illustrated  in  Figure  1.  Tne  entire  heat  treatment 
was  performed  on  this  sandwich. 

(2)  Austenitizing  at  900°C  for  30  minutes,  followed  by  isotner- 
mal  transformation  at  350°C  for  20  minutes,  and  water  quench. 

The  isothermal  transformation  time  was  chosen  to  produce  the 
maximum  retained  austenite  as  determined  by  X-ray  analysis. 

The  TRIP  steel  ingot  was  processed  by  Allegheny  Ludlum  Steel  Corporation. 
Tne  detail  processing  history  is  described  in  Appendix  I.  After  the  final 
process  four  different  warm-work  conditions  at  two  different  thicknesses 
were  available  for  the  program,  as  listed  below. 

Material  Designation  Reduction  of  Thickness  Final  Thickness 

mm  (incnes) 


A 0 

no  reduction 

2.03  (0.080) 

A 1 

79% 

1.55  (0.061) 

A 2 

30% 

1.55  (0.061) 

A 3 

11% 

1.55  (0.061) 

B 0 

no  reduction 

3.96  (0.156) 

B 1 

80% 

3.17  (0.125) 

B 2 

38% 

3.17  (0.125) 

B 3 

12% 

3.15  (0.124) 

\ 

i 

. 
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The  retained  austenite  content  of  the  300M  steel  under  two  different  heat- 
treated  conditions  was  obtained  by  X-ray  diffraction  (12)  using  CoKa  radiation. 
The  values  of  the  retained  austenite  of  the  isothermal ly  transformed  and  nor- 
malized 300M  steel  were  15. IX  and  6.5%  respectively.  The  procedure  was  cali- 
brated against  the  4%  austenite  96%  ferrite  standard  supplied  by  tne  National 
Bureau  of  Standards. 


| 
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III.  TEST  PROCEDURES 

Ten  types  of  tests  were  conducted  on  the  300M  steel  and  TRIP  steel  to 
characterize  the  materials  and  to  study  the  effect  of  strain  rate  on  the  duc- 
tility under  multi -axial  stress  states.  They  are: 
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(1)  Hardness  tests 

(2)  Uniaxial  tensile  tests  (a  • o^/o,  ■ 0 and  <*) 

(3)  Uniaxial  tapered  tensile  tests  (a  * 0) 

(4)  Hydraulic  biaxial  Dulge  tests  (a  * 1 , i > lj’^  sec’1) 

(5)  Hydraulic  biaxial  bulge  tests  at  medium  strain  rate 
(a  1 1 , c » lO’1  sec’1 ) 

(6)  Explosive  hydraulic  biaxial  bulge  tests  (u  B 1 ,t  » lu3  sec’1) 

(7)  Explosive  elliptical  bulge  tests  (a  = 0.9,e  ° 10"1  sec’1) 

(6)  Plane  strain  tensile  tests  (a  * 1/2, t * 10’4  sec’1) 

(9)  Plane  strain  tensile  tests  at  medium  strain  (a  ■ 1/2, e 3 lu’1  sec’1) 
(10)  Explosive  plane  strain  tensile  tests  (a  * 1/2,  c =>  10^  sec’1) 

The  stress  ratios,  a,  of  0,  1/2  and  0.9  correspond  to  the  tests  in 
the  longitudinal  direction;.!  = 1 represents  an  equibiaxial  bulge  test  and 
a * » corresponds  to  a test  in  tne  transverse  direction.  Only  the  A-series 
of  TRIP  steel  specimens  was  used  in  this  test  program. 

Tablt  II  represents  tne  test  matrix  and  lists  the  number  of  specimens 
conducted  for  eacn  test  type  - material  comoination . 

For  tne  TRIP  steel  plate,  hardness  tests  with  ball  indentors  and  various 
loads  were  performed  to  obtain  some  information  on  the  flow  curve  of  the  ma- 
terial. Tne  specimen  is  a 25  X 12  X 7 mm  block  cut  from  the  TRIP  steel  plate. 
The  hardness  tests  were  performed  on  three  faces  of  the  specimen,  on  the  sur- 
face perpendicular  to  the  rolling  direction,  on  the  plate  surface  anu  on  the 
plate  side  face.  The  surfaces  were  mechanically  polished.  The  specimen  was 
tested  on  a Greiss  hardness  testing  machine  witn  loads  of  20,  40,  50,  120,  140 
and  187.5  Kg.  The  relationship  between  the  applied  load  and  the  diameter  of 
the  indentation  fol  lowed  Meyer's  law  which  is: 

I 

P • Kdn 


H 

. 

' 


r 


where  P ■ applied  load,  kg 

d ■ diameter  of  indentation,  mn 
The  plots  of  log  P vs.  log  d are  shown  In  Figure  2. 

The  amount  of  true  strain,  e.  Is  obtained  from  (13). 

c - 0.3(g) 
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where  D • 1.59  nr  (1/16"),  the  diameter  of  the  ball  Indentor.  The  flow 
stress  Y is  calculated  from 


Y “ 2^7  /»»’’") 

where  H ■ 4P/«d*' , Me>er  hardness. 

For  the  SI  units,  tne  flow  stress  Y is: 

Y • 3.63  H (MPa) 


Using  these  relations  one  can  obtain  some  points  on  the  stress  strain  curve 
in  the  plastic  range. 

Uniaxial  Tensile  Tests 


Uniaxial  tensile  tests  were  condjcteJ  on  sheet  specimens  shown  in  Figure 
3.  Tne  effective  fracture  strain,  fj. , was  calculated  using: 


where  A is  the  initial  cross  sectional  area  and  Af  is  the  final  cross 
sectional  area.  1 

Uniaxial  Tapered  Tensi 1 e Tests 

Uniaxial  tapered  tensile  tests  were  performed  on  sheet  specimens  illustrated 
in  Figure  4.  Indentations  were  made  every  5 mm  (0.2")  along  the  axis  of  the 
tapered  section  to  serve  as  reference  marks.  A line  was  drawn  perpendicular  to 
the  axis  and  through  each  indentation.  A point  micrometer  was  used  to  measure 
the  width  and  tne  thickness  at  each  line.  The  true  strain  at  each  line  was  cal- 
culated using: 


lF 


ll 


The  maximum  true  stress  at  each  line  was  calculated  using: 


* 

I 


I 


0 


I 


where  P Is  the  maximum  load  recorded  during  the  test.  This  type  of  specimen 
Is  well  suited  to  obtain  the  true  stress  vs.  true  plastic  strain  curve  up  to  the 
tensile  Instability  strain,  c . 
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Hydraulic  Biaxial  Bulge  Test 

The  hydrualic  bulge  test  fixture  is  schematically  illustrated  in  Figure 
5.  The  system  consists  of  a cylinder,  a piston,  a top  support  and  a set  of 
flanges.  The  cylinder  is  pressurized  by  placing  the  entire  system  in  a Bald- 
win Testing  Machine.  The  top  flange  is  held  immobile  by  a fixed  crosshead 
and  a compressive  load  is  applied  to  the  piston  until  the  speciiren  fractures. 

In  order  to  prevent  hydraulic  oil  leakage  during  testing  an  0-ring  is  used 
between  the  specimen  and  the  cylinder  and  between  the  piston  and  the  cvlinder 
wall. 

The  hydraulic  bulge  specimen  configuration  is  shown  in  Figure  6.  The 
specimens  were  either  machine  ground  so  that  the  variation  in  thickness  was 
no  greater  than  2 percent  or  in  the  as-received  condition  (without  grinding 
to  remove  the  surface  layer).  In  tne  central  region  of  the  specimen,  where 
the  measurements  were  made,  the  thickness  typically  was  uniform  to  within  0.03  mm. 
Tne  fracture  ductility  was  determined  from: 


where  t is  the  initial  thickness  and  t,  the  final  thickness. 

o T 

The  300M  steel  hydraulic  bulge  specimens  were  heat-treated  and  machine 
ground  to  the  final  thickness. 

Hydraulic  Biaxial  Bulge  Tests  at  Medium  Strain  Rates 


This  hydraulic  biaxial  bulge  test  is  essentially  the  same  as  the  one  de- 
scribed above  except  that  the  piston  is  driven  by  the  ram  of  a 900000  Newton 
hydraulic  press  witn  a higher  cross  head  speed,  762  mm. /min.  (30  in. /min.). 
The  test  fixture  is  shown  In  Figure  7.  The  specimen  configuration  is  shown  in 
Figure  8,  which  is  a modification  of  the  Azrin-Backofen  geometry,  developed  at 
Syracuse  University  (5).  A point  micrometer  was  used  to  measure  the  thickness. 


The  fracture  ductility  was  calculated  from: 


The  300M  steel  hydraulic  bulge  specimens  were  heat-treated  and  machine 
ground  to  the  final  geometry. 

Explosive  Biaxial  Bulge  Tests 

Explosive  biaxial  bulge  tests  were  conducted  by  the  system  developed  by 
Biegel  114).  it  is  essentially  a hydraulic  bulge  test  activated  by  the  pres- 
sure generated  by  igniting  a cartridge  containing  a high-burning  rate  smokeless 
powder  with  an  estimated  3500  MPa  maximum.  The  testing  fixture  is  shown  in 
Figure  9.  The  fracture  ductility  was  calculated  from: 


CF 


-In 


e 


The  specimen  configuration  is  the  same  as  that  of  Figure  8.  The  300M  steel 
explosive  bulge  specimens  were  heat-treated  and  machine  ground  to  the  final  geo- 
metry. 

Directional  Biaxial  Tests 


Because  of  the  inherent  directionality  of  TRIP  steel  it  became  necessary 
to  develop  biaxial  tests  for  various  strain  rates,  where  the  principal  stresses 
are  not  balanced,  (o,  f c^).  Two  possibilities  were  explored,  namely,  a hy- 
draulic bulge  test  through  an  elliptical  opening  and  a plane  strain  tensile  test. 
An  added  condition  imposed  was  that  it  must  be  possible  to  conduct  these  tests 
over  a wide  range  of  strain  rates.  Thus,  the  design  and  preliminary  testing  of 
a suitable  fixture  for  such  tests  became  a major  secondary  task  of  the  overall 
program. 

A.  Elliptical  Bulge  Test 

For  this  test  the  stress  and  strain  biaxial ity  is  con- 
trolled by  the  ratio  of  major  and  minor  axis  of  the  ellip- 
tical opening,  a/b,  and  depends  on  the  total  strain.  Tests 
on  annealed  304  stainless  steel  specimens,  provided  with  a 
square  grid,  were  used  to  experimentally  determine  the  strain 
biaxial ity  at  the  center  as  a function  of  geometry.  The 
bulge  specimen,  with  a square  grid,  made  of  this  stainless 
steel  was  bulged  with  the  circular  die  at  a medium  strain 
rate.  The  grid  at  the  apex  of  the  bulge  extended  equally 
in  both  directions  Indicating  that  this  stainless  steel  Is 
mechanically  Isotropic.  Finally,  a geometry  of  a/b  ■ 3.00 
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was  chosen.  This  produced  a strain  biaxial ity  gradually 
decreasing  with  increasing  strain  to  approximately 
ep/tj  » 0.75,  Figure  10,  or  a stress  biaxiality  of  approxi- 
mately “a  * 0.9  (15) for  an  Isotropic  material.  The 

geometry  of  tne  elliptical  die  is  shown  in  Figure  11.  Al- 
though the  stress  ratio  achieved  was  still  close  to  unity, 
the  test  was  sufficiently  directional  to  produce  fracture 
In  the  direction  normal  to  the  larger  principal  stress. 

For  this  geometry  the  fracture  strain  is  given  by: 


eF  m 


These  tests  can  be  conducted  over  a range  of  strain  rates 
including  those  using  smokeless  powder  as  the  activating 
medi  urn. 

B.  Plane  Strain  Tensile  Tests 


The  plane  strain  tensile  test  uses  a test  specimen  con- 
taining face  notches.  Such  a configuration  has  been  widely 
used  for  material  characterizations  in  biaxial  tension  (11). 
Part  of  the  task  consisted  of  developing  a test  set-up  for 
conducting  a plane  strain  tensile  test  at  very  high  strain 
rates.  A solution  to  this  problem  was  achieved  by  designing 
a test  specimen  that  could  be  pulled  hydraulically  in  a pres- 
sure chamber.  The  specimen  geometry  and  the  test  chamber  are 
Illustrated  in  Figures  12  and  13  respecti vely.  The  specimen 
was  held  by  two  rapidly  movable  grips  inside  the  test  cham- 
ber. Gun  powder  was  used  to  generate  the  high  pressure  re- 
quired tc  produce  a high  strain  rate.  This  pressure  applied 
force  and  motion  to  the  movable  cylindrical  grips  resulting 
In  the  fracture  of  the  specimen.  The  plane  strain  tensile 
test  at  medium  strain  rate  is  essentially  the  same  as  the 
plane  strain  tensile  test  at  high  strain  rate,  only  the  hy- 
draulic pressure  is  generated  by  a moving  piston  Instead  of 
gunpowder.  The  piston  is  driven  by  the  ram  of  a 900000  New- 
ton (100  ton)  hydraulic  press  with  a crosshead  speed  of  762  run/ 
min.  The  test  fixture  Is  shown  in  Figure  14.  The  plane  strain 
tensile  tests  at  a low  strain  rate  were  conducted  In  an  Instron 
testing  machine.  The  crosshead  speed  Is  0.51  mm/min.  The 
fracture  strain  is  given  by: 

«F  * 7Ie1F;  c2 


e 


The  initial  thickness  of  the  specimen  was  measured  by 
using  a point  micrometer.  The  final  thickness  of  the  sped 
men  was  measured  under  a traveling  microscope  with  a magni- 
fication of  35X.  The  scale  of  the  traveling  microscope  was 
calibrated  against  a standard  supplied  by  the  optical  company 
before  taking  the  measurements.  The  accuracy  of  the  final 
thickness  measurement  is  within  5 um. 


IV.  RESULTS  AND  DISCUSSION 

Results 

Hardness  Tests 

Hardness  tests  with  a 1.59  mm  (1/16  in.)  indentor  and  loads  varying  from 
20  to  187.5  Kg  were  performed  to  determine  parts  of  the  flow  curve  following 
the  procedure  attempted  in  a prior  research  program  under  AMMRC  sponsorship (16). 
The  results  are  compared  with  the  true  stress-true  strain  curve  obtained  in  the 
previous  TRIP  program  (4)  and  are  presented  in  Figure  15.  The  values  of  flow 
stress  obtained  on  the  two  faces  parallel  to  the  rolling  direction  were  higher 
than  those  obtained  on  the  face  perpendicular  to  the  rolling  direction.  The 
observed  discrepancy  suggests  that  the  proposed  correlation  (16)  does  not  apply 
wel 1 to  TRIP  steels. 

Tensile  Tests 

300M  Steel 

Uniaxial  tensile  tests  and  uniaxial  tapered  tensile  tests  were  performed 
to  obtain  the  true  stress-true  strain  curves  of  the  TRIP  steel  (four  warm-work 
conditions)  and  the  300M  steel  (two  heat-treat  conditions).  The  results  are 
given  in  Tables  III,  IV  and  V.  The  true  stress-true  strain  curves  for  the  300M 
steel  are  shown  In  Figure  16.  Young's  moduli  of  the  two  heat-treat  conditions 
for  the  300M  steel  are  E ■ 1.76  X 105MPa  for  the  isothermal ly  transformed 
300M  steel  and  E ■ 1.50  X 105MPa  for  the  normalized  300M  steel.  The  fracture 
stress  and  strain  of  the  normalized  300M  steel  is  about  25%  above  that  of  the 
Isothermal ly  transformed  300M  steel.  Before  the  test  the  amount  of  retained 
austenite  of  isothermal ly  transformed  and  normalized  300M  steels  is  15.1%  and 
6.5%  respectively.  After  fracturing  the  amount  of  retained  austenite  near  the 
fracture  surface  of  all  300M  steel  specimens  is  not  measurable  by  X-ray,  i.e., 
close  to  zero. 

TRIP  Steel 

The  true  stress-true  strain  curves  of  the  TRIP  steel  (four  conditions)  in 
the  longitudinal  direction  are  shown  In  Figure  17.  The  tensile  properties  of 
TRIP  steel  (four  conditions)  are  presented  in  Table  IV.  The  true  stress-true 
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strain  curves  of  the  TRIP  steels  were  obtained  by  pulling  tapered  tensile 
specimens  in  the  Instron  Testing  Machine.  The  crosshead  speed  was  0.51  mm 
(0.02  in.)/min.  for  all  tests.  Ltlders  bands  were  formed  in  the  straight 
section  of  the  tapered  tensile  specimens  during  the  early  stages  of  the 
tests  and  propagated  into  the  tapered  section.  The  Luders  bands  propagated 
through  the  entire  tapered  section  of  the  02  warm-work  TRIP  steel  tapered 
tensile  specimen,  through  about  1/3  of  the  tapered  section  in  the  795=  warm- 
work  tapered  tensile  specimen,  and  through  1/2  of  the  tapered  section  in  the 
30%  warm-work  tapered  tensile  specimen.  The  true  stress-true  strain  curve 
for  11%  warm-work  tapered  tensile  specimen  could  only  be  determined  for 
strains  above  0.15.  Another  tensile  test  was  conducted  to  obtain  the  entire 
true  stress-true  strain  curve.  The  tapered  tensile  specimens  of  79%,  30% 
and  11%  warm-work  TRIP  steel  materials  fractured  within  the  straight  section, 
but  the  tapered  tensile  specimen  of  0%  warm-work  TRIP  steel  fractured  at  the 
bottom  of  the  gage  length,  at  the  fillet,  at  a strain  which  was  less  than 
the  maximum  strain  obtained  from  the  same  specimen ; therefore,  the  true  frac- 
ture strain  for  the  0%  warm-work  TRIP  steel  could  not  be  determined  from 
this  test. 


A tensile  test  was  conducted  on  the  79%  warm-work  TRIP  steel  in  the 
transverse  direction.  The  true  stress-true  strain  curves  of  the  79%  warm- 
work  TRIP  steel  in  longitudinal  and  transverse  directions  are  compared  in 
Figure  18,  and  their  tensile  properties  are  listed  in  Table  V.  The  fracture 
strain  in  the  longitudinal  direction  is  twice  the  fracture  strain  in  the 
transverse  direction.  The  fracture  stress  in  the  longitudinal  direction  is 
about  1.5  times  that  in  the  transverse  direction.  This  strong  directional- 
ity made  it  necessary  to  develop  biaxial  test  methods  for  several  strain  rates 
where  the  principal  stresses  are  not  balanced  (c^/c^  i 1). 


The  data  indicate  that  the  fractures  stress  of  the  TRIP  steel  increases 
as  a function  of  the  amount  of  warm-work.  The  fracture  ductility  of  the 
TRIP  steel  increases  to  its  maximum  value  at  30%  reduction  of  thickness  and 
then  decreases.  Figure  19. 

Bulge  Tests 

300M  Steel 


The  results  of  the  hydraulic  biaxial  bulge  test  at  three  strain  rates 
are  given  In  Table  VI  and  VII.  The  quoted  strain  rate  represents  an  approxi- 
mate value  which  Is  obtained'by  dividing  the  fractures  train. by  the  test  time. 
Two  hydraulic  bulge  tests  at  low  strain  rates  (e  * 10”*  sec”1)  were  conducted 
on  the  Isothermal ly  transformed  300M  Steel  - both  fractured  at  the  apex  of 
the  bulge;  one  broke  Into  three  pieces  and  the  other  broke  into  four  pieces. 
The  fracture  zone  of  one  specimen  extended  into  the  hold-down  area.  Otherwise 
the  two  tests  gave  the  same  results  with  a fracture  strain  of  0.11  and  a uni- 
form strain  of  0.09  (as  measured  some  distance  away  from  the  fracture  point). 


One  hydraulic  bulge  test  at  low  strain  rate  (e  * 10”*  sec”*)  was  conduc- 
ted on  the  normalized  300M  steel.  The  specimen  fractured  at  the  apex  of  the 
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bulge  and  extended  through  the  entire  specimen  resulting  in  two  segments. 

One  segment  of  the  bulged  region  was  separated  from  the  main  portion  of  that 
segment.  The  fracture  strain  is  0.18  and  the  uniform  strain  is  0.13. 

One  hydraulic  bulge  test  at  medium  strain  rate  (c  *10'^  sec"^)  was  con- 
ducted on  each  heat-treat  condition  of  300M  steel.  The  fracture  line  of  the 
isotnermally  transformed  300M  steel  specimen  formed  an  “$"  snape,  with  a frac- 
ture strain  of  0.14.  The  normalized  300M  steel  specimen  broke  into  three 
pieces  with  the  fracture  strain  of  0.21.  Both  300M  steel  specimens  fractured 
at  the  apex  of  the  bulge. 

Three  explosive  bulge  tests  were  performed  on  the  isothermal ly  trans- 
formed 30QM  steel.  All  three  specimens  fractured  on  the  apex  of  the  bulge, 
two  broke  into  four  pieces  and  the  other  broke  into  five  pieces.  The  frac- 
ture strains  obtained  from  the  three  tests  are  0.28,  0.29  and  0.2S.  Tne 
average  value  was  0.28. 

One  explosive  bulge  test  was  conducted  on  the  normalized  300M  steel. 

The  thickness  of  tne  specimen  was  not  uniform  and  the  specimen  did  not  frac- 
ture at  the  apex  of  the  bulge.  Tne  fracture  strain  (0.17)  obtained  from 
this  specimen  did  not  appear  to  be  representative  of  the  material. 

TRIP  Steel : 

-4  - 1 

Hydraulic  bulge  tests  at  low  strain  rate  (c  *10  sec  ) were  also  con- 
ducted on  the  TRIP  steel  sheet  (four  warm-work  conditions)  in  the  as-received 
condition  (witnout  grinding  to  remove  the  surface  layer).  The  thickness  of 
these  four  specimens  was  within  0.05  ran.  The  0%,  30%  and  79%  warm-work  TRIP 
steel  specimens  fractured  at  the  apex  of  the  bulge  with  the  fracture  strains 
of  0.58,  0.40  and  0.32  respectively.  Two  11%  warm-work  TRIP  steel  spe- 
cimens were  tested.  One  of  them  did  not  fracture  at  the  apex  of  the  bulge 
but  on  the  side,  half-way  towards  the  bulge  where  the  stress  state  is  a f 1 

and  A f 0.  The  fracture  strain  (0.40)  obtained  from  this  specimen  cannot 

be  regarded  as  the  true  value  of  bulge  ductility.  The  other  one  fractured  at 
the  apex  of  the  bulge  with  fracture  strain  of  0.45. 

Prior  to  the  availability  of  the  new  material  explosive  bulge  tests  were 
performed  on  the  TRIP  steel  plate.  The  first  specimen  was  machined  and  ground 
to  a final  thickness  of  1.14  ran.  The  specimen  was  strained  twice  without 
fracture.  The  thickness  at  the  apex  of  the  bulge  was  1.04  nm.  This  is  a 

strain  of  0.09.  The  bulge  extended  5.46  mm  above  the  base  plane  of  the  speci- 

men. 


The  second  specimen  was  machined  and  ground  to  a 0.64  nm  thickness.  The 
thickness  at  the  fracture  zone  was  0.56  nm  for  a fracture  strain  of  0.13.  This 
specimen  was  also  strained  twice.  The  fracture  zone  extended  into  the  area 
under  the  hold  down.  Two  segments  of  the  bulge  area  were  broken  away  from  the 
rest  of  the  specimen. 
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The  third  specimen  was  machined,  ground  and  polished  (the  direction  of 
the  final  polish  with  respect  to  the  rolling  direction  is  uncertain  althougn 
observation  indicates  that  they  were  "early  perp-'ndi cul ar) . This  specimen 
was  also  strained  twice  with  a reduction  in  thickness  from  0.65  mm  to  0.56  nr 
in  the  fracture  zone.  This  is  a strain  of  0.10.  The  fracture  line  did  not 
pass  through  the  apex,  of  the  bulge  where  the  final  thickness  was  0.56  mm 
with  a strain  of  0.15.  The  fracture  originated  from  a hole  in  the  periph- 
ery of  the  specimen  (used  for  hold  down  during  machining).  Another  fracture 
started  to  propagate  from  another  hole  at  the  periphery  approximately  90° 
from  the  other  fracture  line.  One  segment  of  the  bulge  was  broken  away  from 
the  main  portion  of  the  specimen. 

The  fourth  specimen  fractured  into  two  pieces,  the  fracture  zone  ex- 
tending approximately  througn  tne  center  of  the  specimen  and  under  tne  nold 
down.  The  fracture  line  coincided  with  the  rolling  direction.  The  original 
thickness  was  0.86  mm  and  the  final  thickness  was  0.56  for  a fracture  strain 
of  0.20.  This  specimen  was  polished  with  the  final  polisning  direction 
being  perpendicular  to  the  rolling  direction. 

The  tnird  and  fourth  specimens  display  an  elongated  'orange  peel'  effect 
with  the  elongation  in  the  rolling  direction.  This  is  attributed  to  the 
directionality  of  the  material.  Observation  under  a low  power  microscope  con- 
firms this  phenomenon. 

The  results  of  the  explosive  elliptical  bulge  test  on  the  TRIP  steel  are 
given  in  Table  VIII.  The  major  axis  of  the  elliptical  die  was  oriented  per- 
pendicular to  the  longitudinal  direction.  Fracture  in  each  specimen  occurred 
along  the  major  axis  of  the  elliptical  die,  perpendicular  to  the  longitudinal 
direction  of  the  specimen,  thus  representing  a longitudinal  test  direction. 

The  effective  true  fracture  strains  achieved  were  0.41,  0.21,  0.33  and  0.36 
for  0%,  79%,  30%  and  11%  warm-work  TRIP  steel  specimens  respectively. 

Plane  Strain  Tensile  Test 


The  results  of  the  plane. strain  tensile  test  on  the  TRIP  steel,  at  3 
strain  rates,  static  (d  » 10’^  sec*i),  medium  (c  » 10"1  sec'*)  and  explosive 
(d  3 10’  sec_l)  are  presented  in  Table  IX.  The  low  strain  rate  tests  were 
conducted  on  the  Instron  Testing  Machine.  During  this  test  the  crosshead 
speed  was  controlled  at  0.5  mm. /min.  for  all  four  tests.  The  measured  plane 
strain  ductilities  (the  effective  true  fracture  strain  for  the  stress  state 
02/01  ■ 1/2)  were  found  to  be  0.42,  0.50,  0.51  and  0.48  for  the  0%,  79»,  30% 
and  11%  warm-work  conditions  respectively.  For  the  medium  strain  rate 
(c  » 10'1  sec**)  the  results  were  0.58,  0.40,  0.45,  0.63  again  for  the  0%,  79%. 
30%  and  11%  warm-work  conditions.  The  plane  strain  tensile  tests  at  explosive 
strain  rates  were  performed  using  the  apparatus  Illustrated  in  Figure  13.  The 

effective  fracture  ductilities  measured  under  these  conditions  are  0.41,  0.35, 
0.38,  and  0.47  again  for  the  0%,  79%,  30%  and  11%  warm-work  conditions  re- 
spectively. 


Discussion 


3COM  Steel 

As  a result  of  tensile  testing  to  failure  the  amount  of  retained  austen- 
ite in  the  300M  steel  decreased  from  6.5i  to  0 for  the  steel  in  the  normalized 
condition  and  from  15.1*  to  0 for  the  steel  isothermal ly  transformed  to  produce 
a high  amount  of  retained  austenite.  The  results  for  both  heat-treat  conditions 
clearly  indicate  that  practically  all  the  austenite  transforms  to  martensite 
when  specimens  are  tested  to  fracture  at  room  temperature.  Based  on  the  obser- 
vation of  the  transformation  of  retained  austenite  it  is  suggested  tnat  the 
transformation  enhanced  botn  the  fracture  strain  and  the  fracture  stress  of  the 
300M  steel  specimens. 

The  bulge  ductility  (effective  true  fracture  strain  under  equibiaxial 
bulge  test)  increases  with  increasing  strain  rate  from  0.11,  as  measured  under 
quasi  static  conditions  (e  = 10‘*  sec"*),  to  0.29  under  explosive  conditions 
(c  » 10^  sec_l)  for  the  isothermally  transformed  steel,  Figure  20.  A similar 
result  was  obtained  from  Type  301  stainless  steel  (5).  The  increase  in  bulge 
ductility  with  increasing  strain  rate  in  300M  steel  may  be  attributed  to  adi- 
abatic heating  (17) during  the  high  strain  rate  test  (as  no  strain  localization 
has  been  observed) . 

TRIP  Steel 

The  TRIP  steel  showed  strong  evidence  of  directionality.  This  required 
the  development  of  multiaxial  tests,  for  which  the  principal  stresses  are  not 
equal,  and  which  are  capable  of  being  performed  over  a range  of  strain  rates. 

Thus  an  elliptical  explosive  bulge  test  was  developed  and  the  plane  strain  ten- 
sile test  was  adapted  to  high  strain  rate  (explosive)  conditions. 

An  Ami  neo-Brenner  magne-gage  with  #3  magnet  was  used  to  measure  the  amount 
of  martensite  formed  near  the  fracture  face  to  obtain  further  information  about 
the  relationship  between  martensite  formation,  fracture  strain  and  strain  rate. 
Other  martensite  measurement  techniques,  such  as  metal lographic  and  X-ray  dif- 
fraction, were  not  used  since  these  are  directionally  sensitive.  Moreover,  the 
metal lographic  measurement  is  very  time-consuming  and  highly  Inaccurate  due  to 
the  distorted  microstructure  of  the  TRIP  steel  after  plastic  deformation.  Further- 
more, since  the  martensite  has  a specific  orientation  to  the  parent  austenite 
matrix,  which  Is  itself  highly  oriented  due  to  the  warm-work,  it  is  not  likely 
that  an  examination  of  any  one  face  will  yield  a representative  martensite  deter- 
mination. X-ray  diffraction  analysis  is  complicated  by  the  preferred  orienta- 
tion which  results  from  warm-working,  and  the  resulting  elongated  grain  shape 
makes  special  diffraction  techniques  necessary.  The  magne-gage  measurement 
technique  gives  an  average  value  of  martensite  content  of  the  volume  under  the 
magnet,  and  the  plastic  deformation  has  little  effect  on  the  value  measured. 
Besides,  the  magne-gage  technique  is  very  easy  to  perform  (18). 
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The  calibration  chart  was  obtained  by  using  the  NBS  Thickness  Standards 
(SRM  No.  1313  through  SRM  No.  1320)  in  accordance  with  the  procedure  from 
the  Welding  Research  Report,  July  1,  1972.  The  accuracy  of  the  measured 
ferrite  content  is  within  1?  when  the  value  obtained  is  below  lOv , 
above  that  the  accuracy  is  less  (19)-  To  minimize  the  edge  effect  and  rough 
surface  effect  in  the  measurement,  the  broken  halves  of  fracture  specimen 
were  put  together  as  close  as  possible.  Due  to  the  limitation  of  the  magne- 
gage  the  amount  of  martensite  content  in  a specimen  can  only  be  measured  up 
to  20i. 

Initially  the  martensite  content  of  each  TRIP  steel  specimen  under  the 
four  heat-treat  conditions  was  zero.  After  the  uniaxial  tensile  tests  the 
amount  of  martensite  content  near  the  fracture  face  of  each  tapered  tensile 
specimens  of  TRIP  steel  for  all  four  heat-treat  conditions  was  in  excess  of 

2o;. 


The  martensite  content  near  the  fracture  face  in  the  Clausing  specimens 
of  TRIP  Steel,  for  the  four  warm-worked  conditions  at  three  strain  rates 
(c  » 10*4  sec*l,  10*1  sec"*  and  lCr  sec’l)  are  listed  in  Table  X.  In  general 
the  amount  of  martensite  formed  decreases  with  Increasing  strain  rate,  except 
for  the  OS  warm  worked  (solution  annealed)  condition. 

The  effective  fracture  strains  obtained  from  the  explosive  elliptical 
bulge  tests  of  the  TRIP  steel  specimen  decreases  with  increasing  warm-work 
(Figure  21).  The  plane  strain  ductility  of  the  TRIP  steel  specimens  at  high 
strain  rate  (i  » 10-*  sec*l)  and  at  medium  strain  rate  ( i * 10*1  sec*l)  first 
Increases  and  then  decreases  with  Increasing  warm-work.  At  low  strain  rate 
(t  * 10'^sec"1)  the  plane  strain  ductility  increases  with  increasing  warm- 
work  (Figure  22).  The  same  kind  of  variation  for  increasing  warm-work  was 
also  observed  for  the  amount  of  martensite  content  at  the  fracture  face  of  the 
plane  strain  TRIP  steel  specimens  (Table  X).  This  suggests  that  both  the 
stability  and  the  M.  temperature  of  TRIP  steel  are  affected  by  the  amount 
of  warm  work  during  TRIP  processing. 

The  plane  strain  fracture  ductility  of  TRIP  steel  decreases  with  in- 
creasing strain  rate  for  the  791  and  30%  warm  work  conditions;  this  trend 
Is  opposite  to  that  found  for  300M  steel.  Agoin  the  same  trend  was  also  ob- 
served for  the  amount  of  martensite  formed  at  the  fracture  face  of  the  plane 
strain  fracture  specimens  (Table  X).  For  the  two  lower  warm-work  conditions, 

0%  and  lit,  the  plane  strain  fracture  ductility  first  increased  from  the  quasi- 
static  to  the  medium  strain  yate  and  then  decreased  from  the  medium  to  the  ex- 
plosive strain  rate  to  a value  slightly  below  that  obtained  from  the  quasi- 
static test  (Figure  23). 

The  decrease  of  plane  strain  fracture  ductility  of  high  strength  TRIP 
steels,  301  and  791  warm  work  conditions,  with  increasing  strain  rate  can 
probably  be  attributed  to  adiabatic  heating  during  the  deformation  period  (7,17), 
thereby  reducing  the  tendency  for  martensitic  transformation.  However,  for 


14 


the  two  lower  warm  work  conditions,  0*  and  11%,  the  plain  strain  fracture 
ductility  and  the  amount  of  martensite  formed  at  the  fracture  face  cannot 
be  explained  by  adiabatic  heating  only.  Therefore,  it  is  suggested  that 
these  effects  are  caused  by  an  interplay  between  adiabatic  heating,  stability 
of  metastable  austenite  in  TRIP  steel  (which  increases  with  increasing  tem- 
perature) and  the  effect  of  warm-work  on  Md  temperature. 

It  is  expected  that  the  fracture  toughness  - strain  rate  behavior  will 
follow  the  trend  exhibited  by  the  plane  strain  ductility.  This  has  been 
partially  confirmed  by  the  result  of  a ballistic  test  on  a TRIP  steel  plate  (20), 
which  showed  high  toughness  and  ductility  under  low  strain  rate  conditions,  but 
very  little  resistance  to  penetration  under  high  strain  rate  conditions. 

The  stress  state  also  has  a strong  effect  on  the  effective  fracture  strain 
(Figure  24).  The  effective  true  fracture  strain  of  30%  and  79%  warm,  worked 
TRIP  steel  specimens  decreased  when  the  stress  state  changed  from  a * 0 to 
a = 1 at  low  strain  rate.  At  high  strain  rate  the  effective  true  fracture 
strain  of  11%,  30%  and  79%  warm  worked  TRIP  steel  specimen  decreased  when  the 
stress  state  changed  from  a * 1/2  to  a * 0.9.  These  results  follow  the 
critical  mean  stress  fracture  criterion  proposed  by  Weiss  (21).  However,  the 
results  obtained  from  0%  warm  worked  TRIP  steel  specimens  at  high  and  low 
strain  rates  do  not  show  the  same  kind  of  change  with  the  stress  state. 


V.  SUMMARY 

The  results  of  a feasibility  test  program  to  characterize  the  room  tem- 
perature high  strain  fracture  toughness  of  ultra  high  strength  300M  steel  and 
TRIP  steel  with  various  amounts  of  warm-work  can  be  sumarized  as  follows: 

1.  The  basic  mechanical  properties  of  the  test  materials  are  il- 
lustrated by  means  of  tensile  tests  on  standard  and  tapered 
tensile  specimens.  For  the  300M  steel  virtually  all  retained 
austenite  is  transformed  to  martensite  at  and  near  the  fracture 
site.  For  the  TRIP  steel  the  maximum  fracture  strength  is 
obtained  for  the  79%  warm-work  condition.  The  amounts  of  mar- 
tensite formed  near  the  tensile  fracture  face  increased  from 
zero  to  more  than  20%.  (The  exact  amount  can  not  be  obtained 
due  to  the  limitation  of  the  apparatus). 

2.  The  bulge  ductility  of  300M  steel  was  found  to  increase  with 
increasing  strain  rate.  This  was  observed  for  both  conditions 
of  300M  steel,  normalized  and  isothermally  transformed  for 
maximum  retained  austenite.  This  behavior  is  similar  to  that 
observed  on  Type  301  stainless  steel  (5).  It  is  believed  that 
an  increase  in  bulge  ductility  at  high  strain  rate  can  be  at- 
tributed to  adiabatic  heating  of  the  specimens  during  the 
test.  By  reference  to  the  previously  observed  correlation  be- 
tween bulge  ductility  and  fracture  toughness  the  present  re- 
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suits  indicate  that  one  might  expect  an  increase  in  fracture 
toughness  with  increasing  strain  rate  in  300M  steel  contain- 
ing varying  amounts  of  metastable  retained  austenite. 

3.  The  biaxial  ductility  of  TRIP  steel  decreases  with  increas- 
ing strain  rate  for  the  79'*  and  30£  warm-work  conditions,  from 
approximately  0.50  to  approximately  0.37.  This  trend  is  op- 
posite to  that  found  for  300M  steel.  For  the  two  lower  warm- 
work  conditions,  the  plane  strain  fracture  ductility  first  in- 
creases from  the  static  to  the  medium  strain  rate  and  then  de- 
creases from  the  medium  to  the  explosive  strain  rate  to  a value 
slightly  below  that  obtained  from  the  quasi-static  test.  It 
is  suggested  that  these  effects  are  caused  by  an  interplay  be- 
tween adiabatic  heating,  stability  of  metastable  austenite  in 
TRIP  steel  (wnich  increases  with  increasing  temperature)  and  the 
the  effect  of  warm-work  on  the  temperature.  It  is  expected 
that  the  fracture  toughness  - strain  rate  behavior  will  follow 
the  trend  exhibited  by  the  plane  strain  ductility. 
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APPENDIX  I 


THE  THE RMQME CrlAX  1 CAL  TREATMENT  OF  TRIP  STEEL 
PERFORMED  BY 

ALLE GHENT  LUDLUM  STEEL  CORPORATION 


(1)  Sawed  to  remove  19  mm  (3/4")  thick  slice  which  was  shipped  to  Syracuse 
University. 

(2)  Balance  of  the  material  was  heated  to  1177°C  (2150°F)  and  forged  to 

102  mm  (4")  thick  X 165  mm  (1-1/2")  wide  X R.L.  billet.  During  forging, 
rupturing  occurred  at  one  end  of  the  billet.  The  cracks  did  not  propa- 
gate to  any  great  depth  during  subsequent  forging  to  final  size. 

(3)  Billet  conditioned  completely  by  grinding.  Some  fine  cracks  remained 
upon  one  end  of  the  billet  after  extremely  deep  conditioning. 

(4)  Sawed  billet  into  two  pieces  representing  1/3  and  2/3  volume  of  material. 
The  piece  representing  2/3  the  volume  contained  the  residual  cracks. 

(5)  Heated  the  2 pieces  to  1177°C  (2150°F)  and  hot  rolled  both  pieces  to 
25  mm  (1")  thickness.  The  large  piece  developed  cracks  in  the  area 
which  had  contained  residual  cracks. 

(6)  Abrasive  cut  both  pieces  of  material  into  three  equal  parts  for  later 
processing.  Remove  the  defective  material  from  the  larger  piece  and 
shipped  to  Syracuse  University.  Material  at  this  stage  was  either  hard 
or  very  abrasive. 

(7)  The  six  pieces,  25  mm  (1.0")  thickness  were  conditioned  by  grinding. 

(8)  The  six  pieces  were  heated  to  1177°C  (2150°F)  hot  rolled  to  the  following 
thicknesses  and  permanently  identified: 


Tnickness 


mm 

inches 

A 1 

8.05 

(0.317) 

A 2 

2.69 

(0.106) 

A 3 

2.03 

(0.080) 

B 1 

16.03 

(0.631) 

B 2 

5.36 

(0.211) 

B 3 

3.96 

(0.156) 

(9)  Each  of  the  pieces  in  8 above  were  either  sheared  cold  or  sheared 
warm  into  three  equal  pieces.  Two  pieces  of  scrap,  1 piece  from  each 
A- 5 and  B-3  were  shipped  to  Syracuse  University  in  the  as  hot  rolled 
condition. 

(10)  The  18  pieces  were  grit  blasted  to  remove  hot  work  scale. 

(11)  Pieces  were  coated  with  Ceram-guard,  solution  treated  at  1204°t  (2200°F) 
for  1 hr.  in  an  air  atmosphere  and  water  quenched. 

(13)  Grit  blast  and  light  pickle. 

(13)  All  18  pieces  were  heated  to  480°C  (900°F)  and  warm-cold  rolled  to  the 
final  thickness. 

(14)  After  the  final  process  four  different  warm-work  conditions  at  two  dif- 
ferent thicknesses  were  available  for  the  program,  as  listed  beloi'. 

Material  designation  Reduction  of  thickness  Final  thickness 


mm 

inches 

A 0 

no  reduction 

2.03 

(0.080) 

A 1 

791 

1.S5 

(0.061) 

a : 

m 

1.S5 

(0.061) 

A 3 

111 

1.55 

(0.061) 

B 0 

no  reduction 

3.96 

(0.156) 

B 1 

801 

3.1? 

(0.125) 

B 2 

381 

3.17 

(0.125) 

B 3 

121 

3.15 

(0.124) 

FIG.  I SANDWICH  ARRANGEMENT  FOR  300M  STEEL  ACHIEVES 
THE  DESIRED  COOUNG  RATE  EQUIVALENT  TO  THAT  AT 
MID -THICKNESS  OF  A I NCH  THICK  PLATE  IN  STILL  AIR 


APPUED  LOAD,  KG 
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IQL .1  . .—I 1 1 1 1 1 L_j 
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DIAMETER  OF  INDENTATION, mm 

FIG  2 APPUED  LOAD  VS  DIAMETER  OF  INDENTATION  FOR  TRIP 
STEEL  PLATE 


FIG  7 HYDRAULIC  BULGE  TEST  APPARATUS  FOR  MEDIUM  STRAIN 
RATE 


I 

FIG  9 EXPLOSIVE  BULGE  TEST  APPARATUS 


mm 


TRUE  STRAIN  « — - 

FIG.  15  FLOW  STRESS  VS.  TRUE  STRAIN 

COMPARISON  OF  THE  TRUE  STRESS -TRUE  STRAIN 
CURVE  OBTAINED  EROM  PREVIOUS  UNIAXIAL 
TENSILE  TEST  (REF 4)  WITH  THE  STRESS  STRAIN  DATA 
OBTAINED  FROM  HARDNESS  TEST  FOR  TRIP  STEEL 


005  0.10  0.15  0.20  0.25  030  035  040  045 


FIG  16  TRUE  STRESS -TRUE  STRAIN  CURVE  OBTAINED  FROM 

THE  TAPERED  TENSILE  SPECIKCN  FOR  NORMALIZED  300M 
STEEL  AND  FROM  THE  STANDARD  TENSILE  SPECIMEN 
FOR  I90THERMALLY  TRANSFORMED  300 M STEEL 
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* fracture  point 


o-  (MR]) 


FIG  18  TRUE  STRESS  - TRUE  STRAIN!  CURVE  OF  A|  79%  WARM  WORKED 
TRIP  STEEL  IN  LONGITUDINAL  AND  TRANSVERSE 
DIRECTIONS 


TENSILE  FRACTURE  STRAIN,  «f  °--o.  fro 


% OF  REDUCTION  OF  THICKNESS 

FIG.  19  VALUES  OF  TENSLE  FRACTURE  STRAIN  OF  TRIP  STEEL 
VS  PERCENT  OF  REDUTION  OF  THICKNESS 


EFFECTIVE  TRUE  FRACTURE  STRAIN 


FIG  20  EFFECT  OF  STRAIN  RATE  ON  T>€  BULGE 
DUCTIUTY  OF  300M  STEELS 


EFFECTIVE  TRUE  FRACTURE  STRAIN 


01— —I I I I I 

0 20  40  60  80  100 


% OF  REDUCTION  OF  THICKNESS 

FIG  21  EFFECT  OF  THICKNESS  REDUCTION  BY  WARM  ROLLING 

ON  THE  TRUE  FRACTURE  STRAIN  OBTAINED  FROM  THE 
EXPLOSIVE  ELLIPTICAL  BULGE  TEST 


PLANE  STRAIN  FRACTURE  STRAIN  DUCTILITY,  a *±.0*0 
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□ 10 ’/sec 

o O^/sec  STRAIN  RATE 
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FIG.  22  PLANE  STRAIN  DUCTILITY  VALUES  OF  TRIP  STEEL 
VS  PERCENT  OF  REDUCTION  OF  THICKNESS  AT 
THREE  STRAIN  RATES 


PLANE  STRAIN  DUCTILITY 


EFFECTIVE  TRUE  FRACTURE  STRAIN 


FIG  24  EFFECT  OF  STRESS  STATE  ON  THE  EFFECTIVE  TRUE 
FRACTURE  STRAIN  OF  AMMRC  TRIP  STEEL 


TENSILE  PROPERTY 


NORMALIZED  IN  STILL  AIR 


AUSTENITIZED  AT  900°C  FOR 
30  MIN.,  I.T.  AT  350°C  FOR  20  MIN., 
W.Q. 


E 

1.50  X 10"  MPa 

1.76  X 10"  MPa 

0.2%  Yield  Strength 

1.20  X 103  MPa 

Ultimate 

Tensi le  Strength 

1.79  X 10 J MPa 

CF 

0.30 

0.23 

°F 

2.92  X 103  MPa 

2.16  X 103  MPa 

Retained  Austenite 

6.5% 

15.1% 

TABLE  IV 


TABLE  V 

THE  TENSILE  PROPERTIES 
OF  THE  79 % WARM  WORKED  TRIP  STEEL  SPECIMENS 
IH  BOTH  THE  LONGITUDINAL  AND  TRANSVERSE  DIRECTIONS 


TRANSVERSE  DIRECTION 
cF  0.34 

oF  2.33  X 103  MPa 

0.2*  Yield  Strength  1.45  X 103  MPa 

Ultimate  Tensile  Strength  1.70  X 103  MPa 

1.70  X 105  MPa 


E 


e=151  sec-1 


TABLE  VI. 

RESULTS  OF  BULGE  DUCTILITY  OF 
300M  STEEL  AT  VARIOUS  STRAIN  RATES 


Hydraul ic 


Bulge 


Testing 


c=10"^  sec"1 


Hydraulic 


Press 


Testing 


1.19  rm  t 0.02  mm 


0.99  mm  t 0.02  mm 


0.51  mm  1 0.02  mm 


0.42  mm  t 0.02  mm 


Austenitized  at  900°C  for 
30  Min.,  then  isotherm- 
ally  transformed  at  350°  ! 
for  20  min.,  water  quench  '< 


I’ll  t 0.02  mm 
1 . c 3 mm 

1.09  mm  . „ 

i in  mm  : 0.02  mm 

1 . 10  mm 


Average:  0.11 


0.53  im  t 0.02  mm 


0.46  mm  1 0.02  rm 


Dynamic 


Bulge 


Testing 
t=103  sec-1 


0.70  run 

0.63  mm  t 0.01  mm 
0.39  imi 

0.53  mm 

0.47  mn  t 0.01  mm 
0.29  mm 


0.2B 

0.29 

e.28 

Average:  0.28 


BULGE  TESTING  FOR  300M  STEEL  AND  TRIP  STEEL 


TABLE  IX.  RESULTS  OF  PLANE  STRAIN  TENSILE  TEST  ON  TRIP  STEEL  AT  THREE  STRAIN-RATES 


TABLE  X 

THE  AMOUNT  OF  MARTENSITE  FORMED  NEAR  THE  FRACTURE  SURFACE 
OF  THE  PLANE  STRAIN  SPECIMENS  OF  TRIP  STEEL  (a  = Og/oj  = 1/2) 
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